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L latrodttctioo 

In the last two decades, there have been eaormous 
strides in our understanding of the genetic and 
molecular events that result in oncogenesis and the 
biochemical pathways that can be influenced by 
chemotherapy. This has translated into therapeutic suc- 
cesses in a number of hematologic malignancies, lym* 
ph mas and a few solid tumors such as testicular 
carctnoma (1-3]. However, treatment results for most 
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solid tumors outside the adjuvant setting have been 
much less encouraging (4-6]. This has spurred research 
to deflne the mechanisms that cancer cells employ to 
resist destruction by chemotherapy agents or the im- 
mune system. Resistance mechanisms deflned thus far 
include the pi 70 glycoprotein (multiple drug resistance 
gene product)-medtated, resistance to anthracydine and 
vinca alkaloid classes of chemotherapy drugs fT] and 
upregulation of thymidylate synthase leading to 5- 
fluorouradl resistance (8,9]. Tumor cells may also evade 
immune surveillanoe by expressing essetitially n , rm^ 
tissue antigens rather than unique antigenic deter- 
mmants that might appear foreign [10]. Strategic 
veroome these defease mechanisms f -oeoplastic cells 
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trials [7,n-l3J. Despite (he rational basis for these 
studies, which has been derived mainly from in vitro 
experiments, (he success of these approaches in pa(ien(s 
has been Uxaited. It is certainly possible (hat cancer cells 
possess many as yet undefined addiUonal molecular 
"^ ""' ^ s to <'efea( chemotherapy treatment 
strategies. If (his is true, designing effecUve chemo- 
therapeutic or immunologic regimens for sohd tumors 
may prove a daunting (ask. 

Therc^'is. however, another line of research (hat may 
prove equally important in understanding how cancer 
cells resist cytotoxic agents or biologies. The study of the 
physiology and (he intersu'(ial space of (umore 
pi neered by Gullino in the 1960s and conUnued most 
recently by Jain and tis co-workers (M,15J. suggests a 
new basis for understanding at least some important 
mechanisms of tumor Resistance. Their woric has defmed 
tumor nodules in vivo as disUnct physiologic enUties 
with umque biophysical properties compared to normal 
Ussues. These properties cannot be deduced or 
reproduced by in vitro woric because of the complex in- 
teracu o f growing tumor cells with the new blood 
VKsels they induce and the sunoundmg normal tissues 
Hie microenvironment of tumor nodules can generate a 
number of physical barriers to resist a wide range of 
therapeutic agents. These Ueatment barriers cannot be 
Ignored when attempting to design new more effective 
treatment leginieiis. 

Hifrkey to understanding the unique properties of a 
tumor's physiology requires focus on the tumor 
vascutoture and Interstitial space. The characteristics of 
tumor blood vessels and their behavior in die aggregate 
mfluenoes the transport processes used foi ..autiteit 
«ln«y. waste disposal and (he delivay of theiapeatic 
Bgnxs. These vessels also may also have a profound sec- 
ndaiy eflfect on the properties of tiie interstitial space 
oftimon. There are a number of excellent reviews and 
articles tiiat address tiie complicated physiology of tiie 
mterstitnl space [16-201. The focus here wS be to 
provide a general discussion of physiologic spaces 
transport variables and tiie properties of tumor blood 
v«*sels. These basic concepts will be used to discuss 
selected models for tiic transport of therapeutic agents 
in tumors and measurements of Uie physical barriers to 
dnig dehveiy in tumors. 



n. Transport compartments and variables 
II-A. Definition of transport spaces 

In order for any tiierapeutic molecule to reach a 
neopUstic ceU wiUiin a tumor nodule, several spaces 
wiUi diflerent physiol gic characteristics must be 
traversed. F r any anti<anoer agent deUvered in- 
bavenoudy. die vascuhu^ space is die fust compartment 
that IS encountered. The molecule must dien interact 



brane and tumor intcrstiUum before eventually rt^^u- 
a cancer cell. There are potential impedim«J2"?^ 
transport m each of these physiologic spaces. In order 
understand these impediments, die general mechank^c 
foriransport of any molecule must be discussed 

There are a limited number of ways that solute r, ^ 
nutnents. toxins and therapcutic^gents) are pr^il* 
dux,ugh physiologic spaces, rtese are: conyj^^^^ 
fusion and traascytosis. The relative contribution of 
these vanables to transport depends on the sii and 
physical properties of the molecule and the physioI<Sc 
space ,t IS traversmg (vide infra). For the purpose oCthh 
discu^on. active transport across cell membranes S 
not be considered. Each transport variable wHl T 
discussed separately; this will be followed by an explana! 
Uon of how diese variables interact and which are 
unportant in tumors! 

/I-B. Convection 

Convection is defined as die movement of solute in 
the direcuon of solvent fiow. To picture this process 
one can envisage a pipe in which water is flowing If a 
solute, for example sodium chloride, is^dissolved in the 
««tercntermg die pipe, dHrliii-^^ 
^e direction of the flowing water. There are madie- 
^ «f»tionships duit describe convection wi^. 
ddmed solutes (i-e.. dnxapeutic agents) in a given 
medium (i.e., die mterstitial space). It is useful to ex- 
Mauie dK simplest of diese rehitionships because it wiU 

^ to an understanding of how convection wiU interact 
w^otto transport variables. In a one^IimensionS 
system, convection can be expressed as foUows: 



^lute^f ^ v^''' flux. C is die concentration of 
Mlute at position x, is die retardation factor (die 

m^i l,^'^''^ "^""'""^ if «»«y »H>th 

Tnl!.- f T^P^ ^» »he hydraulic 

wh^lT'^°^**'' """"^ '■^^ « «''^" solvent (a constant 

^e hydrosuuc pressure gradient at position x 120]. We 

^1 solvent move 
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from the (umor interstidum to surrouoding n nnal 
tissues that are 10-1000 times greater than o nnal 
tissues. These numbers represent bulk flow and do not 
deflne the events occurring at the blood vessel-tumor in- 
terface. Data obtained from measurements of arterial 
and venous hematocrits in tissue-isolated tumbn (i-c, 
tumors isolated on a vascular pedicle with one artery 
entering the tumor nodule and one vein leaving it) show 
a marked hemoconcentration from the arterial to 
venous circulation (22J. In models using Walker 256 and 
M"nV9 mammary carcinomas, the hematocrit of the 
tumor efferent veins averaged 1.043 times greater than 
aortic arterial blood. The authors estimated that 
4.5-10,2% of the perfusing plasma volume was lost into 
the tumor tnterstitium. This implies that plasma has left* 
the tumor blood vessels, percolated through the tumor, 
was discharged info the surrounding normal tissues and 
absorbed by peritumoral lymphatic vessels (if the fluid 
remained in the tumor, the nodule would sequester the 
entire plasma volume of the ammal in a very brief time!). 
Alth ugh the data are suggestive ofa net convcctive flux 
away from the tumor, human data do not exist for this 
variable. 

//-C Diffusion 

Diflusion is defmed as the movement of solute along 
a concentration gradient Diffusion can be illustrated 
when a drop of mk is pbced in a beaker of water. The 
eventual spreading of the ink throughout the beaker is 
dictated by diffusion. Again, takmg the simplest case of 
a oncKlimensional system, diffusion can be expressed as 
f Uows: 



6x 



(2) 



Jo is the diff"usivc flux, D is the diflusion coefficient of 
the medium and iObx is the concentration gradient of 
solvent at position x (201. This relationship tells us that 
diffusion is a constant that is defined by the transport 
medium, multiplied by a concentration gradient. 

Diffusion across individual tumor blood vessels has 
been measured in a rabbit ear chamber model using 
fluorescein-Iabeled immunoglobulin (231, These experi- 
ments have shown that tumor blood vessels have high 
effective interstitial diff^usion coefficients compared to 
normal tissues. The high dfiftusion coefficient impUes 
that transport by diffusion was greater across tumor 
blood vessels than normal vessels in this model Diff^u- 
sion, however, varied greaUy among tumor blood 
vessels. Some tumor vessels have diffusion coefficients 
that are neariy normal, whUe others are approximately 
fur times higher than n nnal vesseU. The experimental 
inodd was n t able t distinguish whether permeability 
driven primarily by convection r diffusion. AgairL 
no direct measurements of diffuxmn f^rr^^m^f^ t,.... 



31 

been made in human tumor vessels for immun gl bulin 
r cbemotherapeutic agents. 

//-/). Transcyiosis 

Transqtosis occurs when vascular endothelial cells 
form vesicles that entrap molecules or particles from the 
luminal surface. These vesicles are transported to the 
basal portion of the cell and are exocytosed. The 
distribution of endothelial cells that can conduct 
transcytosis varies among different tissue types and 
from the arterial to venous end of capillaries (241 It is 
also thought that vesicles can coalesce to Vorm 
transcapillary channels. These structures may be short- 
lived or permanent. Given the heterogeneous and 
chaotic array of tumor blood vessels (vide infra) 
transcytosis is thought to be insignificant compared to 
convection anddiffusion for anticancer agents (with the 
possible exccpUon of liposomaI<ncapsulatcd drugs) 
(25] and will not be included in any of the transport 
models discussed. 

□L Interstitial space 

Before discussing the interactions and relative impor- 
tance of these tiansport variables in tumors, the coi- 
pojtion of the interstitial space must be discO^sed as 

m-A. ComposUlon of the tnterstUial space 



The mtentitial space of tumors is gitatly diffetdif 
from that found in normal tissues. Furthermore, the 
interstiaum also varies between different tumor types. 
at« of mrtastasis and perhaps even between diffcTMt 
«^..»»i«oIogy (26.271. There are. 
however, some generahrations Uiat can be made to 
•Uus^tc the differences between normal and tumor 

TTicre is a range of values to the literature for different 
components of Uie interstitial space measured in dif- 
ferent tumor models. The volume of the interstitial 
space of several animal tumor raodeU has been 
measured and was found to be 36-53% of Uie total 
tumor volume (281. this compares with 14-34% in nor- 
nuji ti«u« P9]. The total protem content of the inter- 
sUtial fluid can be either Ugher or lower than n rmal 
«crum, depending on tiie model studied, GulUno using 
M unpLuited chamber technique in a rat model showed 
that total protem in the interstitial fluid in a variety of 
turn r implants was consistenUy lower that aofficScfiim 
by approxmutely 33% (151. Sylven and Bois compared 
tonor interstitial fluid sampled by niicrx)pipettes to 
pcntoneal fluid in a variety of carcinomas wawn sub- 
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(be protein content oC the tumor fluid was 5% higher 
than peritoneal samples. The composition of the protein 
matrix ia tumors is also diflerent Trom normal tissues. 
The amo|int of type IV collagen and glycosaminogly- 
cans (GAG) is much greater in tumors than in the nor- 
mal interstitial space 127,3 1 J. The amino add, lipid 
phosphorous and cholesterol levels also vary but arc 
generally lower in tumors than normal ser\un. Direct 
measures of the interstitial space pH and oxygen tension 
in ^uman tumors have been made. Measurements of pH 
in a scries of melanomas ranged from 6.4 to 7.3 (32.331. 
Some authors have reported tumor pH values less than 
6.0 in squamous cell carctnomas and astrocytomas (32]. 
Direct measurements in human breast cancen have 
shown partial piipssures of oxygen as low as 0 mmHg 
(34,35]. Six out of 15 nodules tested had oxygen tensions 
between 0-2.5 mmHg. Intertumoral oxygen tension dif- 
ferences were more pronounced than intiatumoral 
measurements. 

One can conclude from these data that the interstitial 
qjaoe of tumors is profoundly diflerent from normal 
tissues. These differences represent a mechanism for 
potential drug resistance if the therapeutic agent is not 
stable or functional in an acidic or hypoxic envirdn- 
mcnL TTus suggests that a part of the rationale for the 
design of anti<ancer agents should include the develop- 
ment f drugs which function best in hypoxic or acidic 
conditions. This would seem to be easier than changing 
the microenvironment of established tumors. 

III'B. Interstitial pressure 

Interstitial pressure (IP) is deCned as the sum of the 
hydrostatic and oncotic pressures extant in the inter- 
stitial space in the tissue of interest There are a number 
of methods to measure (his variable in vivo, including 
implantable capsules (3dl and the wick-in-needle tedi- 
nique pi]. The data for IP in normal subcutaneous 
tissue and muscle tissues show a range of values in the 
literature from 2 to 4 mmHg (38,39J. Although IP was 
first noted to be elevated in animal tumors in 1950 by 
Young and his colleagues (40J, only recently have a 
nurnber of studies in humans been published. These dau 
indicate that many human tumor nodules have greatly 
elevated interstitial pressures. A published series of 12 
superficial metastatic melanoma deposits showed a 
mean IP of 14.3 and a maximum of 41 mmHg (41J. A 
study f epidermoid carcinomas of the head and neck 
also showed elevated interstitial pressures (mean 14.6, 
range 4 to 33 mmHg). Increased tumor volume in this 
study correlated directly with the interstitial pressure 
(421. In a series of cervical cardnoraas, there was also a 
correlation between IP and the oxygenation status f the 
tum r (i e. the higher the IP, the lower the partial 
pressure f oxygen in the tumor). In this sti«Iy, high in- 
terstitial pressures correlated inversdy with (he response 
C radi therapy of these lesions (431. The authors sue- 



gestcd that the hypoxia in the high IP lesions was » r 
tor in the radioresistancc of these lesions. 

The reason for elevated intersUtial pressures • 
tumors remains completely speculative: proZj^ 
mediamsms include the absence of lymphatics in ti,m« 
and exteraal compression of tumor blood vessels hv^i" 
expanding., tumor mass (201. A recent 
published by Uc et al. shiwl, that Sun^^.'^S 
able to acutely decrease interstitial pressure in C3H nv- 
bearing subcutaneous FSall tumors (45]. This oh^T 
tion suggests that increases in local tumor blood Row or 
systcimc blood pressure changes mediated by nicofin 
amide may also be important in reguIaUng bteSS 
pr-essures Tumor water content in this stuSy als^cor 
Jda^ wrth IP and may contribute to its pathogenS . 
Hyperthermia m an anunal model was also found to 
decrease IP and improve therapeutic response as 

controls (461..n,e impact of hyperthemiia on IP^y 
have been through damage to small tumor blood vessels 
147J. Any mechanism proposed must account not only 
for the devated pressures discussed above but also for 
the obscrvauon that IP is transmitted unifonnly throueh 
tumor nodules. IP measured by a micropuncture tech- 
mque m mammaiy carcinomas grown as Ussue-isolated 
tumors m cats was essenUi|iraffi& throughout Se 
tumor nodules studied. It should be notM that there was 
a sharp pressure gradient in the outermost 0.5 mm of the 
tumor n<KluI«, extending into the surrounding nonnal 
tmu«(48I. Afthough the dau remain prelimiLy and 
the mediamsm undear, it is reasonable to condude that 
w IS devated m,xnany tumor nodules compared to nor- 
mal ti«i«s. With this badcground, one can now ask how 
IF might impact oa diffusion and convection and what 
unphcauons this may have for dnig ddivery. 

^^I-C. Interaction of transport variables 

•I. !^** ^ tiiat tumor blood vessels can 

have hi^ eflecUve difl-usion coeflidenls and that difl-u- 
sion and convection are quite difTcrent in tumors com- 
pared to normal Ussues. The intcracUon of these 
variables will now be examined and the importanc« of 
each to the delivery of anticancer drugs in tumors will 
be discussed. 

To accomplish this goal, one can look at the ratio of 
dUTusion to convection for molecules of diflerent sizes 
jravdrng Uirough an interstitial space with diflering 
GAGcontents. It should be noted Uiat of all die protdn 
and rarbohydrate constituents of the interstitial space. 

S • J ™P*" <"> t'>«c transport 

vanaWes (49 . The ratio of difl-usion to convection is 
defmed as follows: 



_ Diflusive flux B 







(3) 



This expression was obtained by dividing (l)/(2) above 
(49J. Lac and Lp have been measured in animal 
models. TJieir values arc I.O (dimensionless) and 30 
mmHg, respectively. Incorporating these into equation 
3 yields the following approximation: 



X=: 2.5 10-^ DiRgrK 



(4) 



EquaElion 4 can be used to depict the relationship be- 
tween the molecular mass of a therapeutic agent and 
GAG content of the intersu'tium for dtfTerent ratios of 
convection to difTusion and diflerent reflection coefli- 
cicnts. One of the implications of this equation is that 
larger molecules ti c . those with molecular masses « 
greater than approximately 800 Da) move much more ' 
readily by convection whereas smaller moleoiles move 
easily by diffusion alone. To illustrate the potential 
importance of these transport variables, one can ask 
how long it would ukc an inununoglobulid (IgG) 
molecule to travel one centimeter by diffusion alone. 
The answer is approximately 7 months (44J! Convection, 
therefore is extremely important to the transport of 
large therapeutic molecules. We can now try to answer 
whether convection or diffusion predominates in the 
interstitial space of tumors. 

As discussed above, direct and indirect evidence sug- 
gcsts that diffusion and convection are abnonnal in 
tumors. To try and determine which one predominates 
in tumors, we will focus on what happens at the inter- 
face between blood vessels and the inter^tium of 
tumofi. Here, the blood vessels of intetcst arc those that 
participate in the exchange of nutrients or therapeutic 
agents. These vessels arc thought to be post-capillary 
venules. Since convection is the rate-limiting process for 
large molecules, it will be examined fust. The relation 
for convective Hux (/Q) across a blood vessel wall is 
given by Stariing's Law (SO]: 



(5) 



is the hydraulic conductivity of the blood vessel 
wall, 5* is the surface area of the vessels, and are 
the vascular and interstitial pressures, respectively, is 
the osmotic rcncction coefficient (this relates the move- 
ment of solute under conditions of high nitration rate 
and n concentration difference) and and are the 
smotic pressures of the intravascular plasma and the 
interstitial fluid, respectively. 

Dvorak and Clauss (51 -54] am ng others have 
sh wn thai tumor vessels are extremely leaky to large 
protein molecules, which may be mediated by specific 
tumor vessel permeability factors. Furthermore, assays 
of tumor interstitial fluid have shown directly that there 
is a high protein content (301. This would render the 
quantity (r, - t/) equal to or approximately zero, since 



data for p, in cumor blood vessels; however in an im- 
planted chamber model using a mammary adenocar- 
cinoma [55J, both tumor arteriolar and venous capiUarv 
pressures were similar to normal control vessels, i^sum 
ing that the published values for ^ (approximately 
15-40 ramHg) m humans ^re rcpresentaUvc of most 
tumor nodules and that thfc value for /», in tumors is 
close to the nonnal value (0-5 mmHg). then IhequanW 
ty (P -Pii is negative. This implies that there is no eon- 
vection across nutrient exchange vessels b tumors 
DiflTusion, therefore, becomes the only mode of trans- 
port available to therapeutic agents at the level of the 
vasculature most imporUnt (o the delivery of any thera- 
peutic agent. As we have seen, diffusion is a good way 
to move small molecules (molecular weight less than 800 
Da) rapidly through the tumor inierstitium. but an ex- 
tremely poor way to move larger molecules through this 
space over a short period of time. 

The physiologic argument presented above is limited 
by the fact that all of the equations are approximations 
that account for only a limited number of the possible 
important variables. Additional physiologic dau are 
needed to fully validate these relations in tumors 
Despite these shortcomings.TaT$ipiiricant physiologic 
impedunent to the delivery of therapeutic agents, which 
IS particularly relevant to high molecular weight 
molecules such as biologic response modifiers and im- 
munoglobulins, is strongly suggested by consideration 
of these variables. We wiU now examine additional 
mechanisms that may inhibit Uie deUveiy of dietapeutic 
agents that stem from the unique geometry and flow 
characteristics of tumor blood vessels. 

lll'D. Tumor blood vessels 

The process of angiogenesis in normal tissues and 
tumors has been Uie subject of intensive research in 
recent years (56-58]. There have also been a number of 
studies examining the microscopic characteristics of 
tumor blood vessels and their overall organization 
(59.60]. Much less is known about the aggregate flow 
characteristics of these vessels and how they interact 
with surrounding normal vessels. These studies arc dif- 
ficult because of the extreme variability of tumor vessels. 
The variation encompasses not only the number of 
blood vessels (ranging from 0.8 to 25% of the total 
tumor volume in the same animal model (61]) but their 
characteristics over diflerent tumor histologies, diflerent 
nodules of the same histology and diflerent regions 
within the same nodule as well. Despite these difficul- 
ties, it is possible to make some valid generalizations 
about features Uiat may impaa on the transport of 
drugs to tumors. 



///-£! Tumor vessel characterisu 
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brane and surrounding pericytes (62]. The branching 
pattern of nonnal vessels as they progress from large 
arteries to arterioles, capillaries, postcapillary venules 
and veins is orderiy and can be described with 
remarkable precision by using a mathematical tool 
known as fractal geometry (63J. Certain spedalized 
blood vessels, such as those found tn the glomerulus or 
those that make up the blood-brain barrier have ad- 
ditional unique anatomic and functional characteristics 
164-66], yet they have the same basic framework outlin- 
ed above. Normal vessels dilate and contract in a 
stereotypic way when subjected to a variety of phar- 
macologic agents [67,68]. 

Despite the fact that tumor blood vessels art thought 
to be recruited from surrounding normal host vessels, 
they do not have a consistent structural motif The 
endothelial lining of tumor vessels is patchy and may in- 
clude tumcf ccUs in direct contact with flowing blood. 
The basement membrane is also irregular in distribution 
and thickness and has a different composition compared 
to normal vessels (69,70]. There arc no pericytes or 
myocytes associated with tumor vessels (51]. This may 
account for the fact that tumor vessels have a much 
diminished response to a variety of vasoactive drugs 
17IJ. 

///-F. Tumor vessel geometry 

There are a number of unique bipod vessel configura- 
tions present in tumors but not ijd most normal tissues. 
An elegant characterization of these geometries has 
recently been published by Less and colleagues [59], 
who systematically described the branching pattern and 
vessel diameters from vascular casts of mammary car- 
ctnomas grown as tissue-isolated tumors in rats. These 
authors noted the presence of vtssd true loops (single 
vessels taking a 360 degree circular path before branch- 
ing), self loops (vessels bifurcating and then igoining 
without additional branches), trifurcations and the 
direct branching of moderate sized arterioles into 
capillary networics. They did not observe arterial-venous 
shunts; however, other authors have observed these 
structures (72,73J. Vessel diameters and lengths were 
also measured in this model, showing that tumor vessel 
diameters were greater and lengths shorter for a given 
vessel generation number than published values for nor- 
mal tissues (the generation number denotes the number 
of branchings that have ckxurred from the main arterial 
vessel entering the tumor). 

In addition, the overall organization of tumor blood 
vessels was noted to be unique. Some nodules displayed 
central vascularization with large vessels occupying the 
interior portion of the nodule. Other vascular casts 
showed a pattern of peripheral rganization, with the 
largest number of vessels covering the surface of the 
nodule. With either of these vascular schemes, the 
distance between blood vessels and tumor cells could be 



quite large (in some areas, approaching I 

These regional diflcrcnccs and the unio 
tumor vessel organization illustrate an imoort^^ ^ 
recurring theme in tumor Physiology, X^e^^^?f 
tumors nodules are not alike. Even if an unZ^ ^ 
of the dynamics of drug delivery in ttTSlT r 

peculiar blood ves.^1 geometries is achieved tSrSfr 
contribution of each geographic region of the tmn^ 
would have to be ass^ individually to arrive i 
aocuratc determination of blood flow in a paniculaj 

///-<?. Flow charaaerisdcs in iumor vasculature 

A number of experimental methods have been used to 
study tumor blood flow including laser Doppler f741 
radioactive tracer washout (75J and perfusion tedmi^ 
qucs [76]. Blood flow in tumors can vary significanUy 
even among tumors of the same size derived from the 
same ceU line (77]. Despite this variability, a number of 
researchers have concluded that as tumor size increases, 
total perfusion decreases [78]. This has been measured 
directly by «"Xe clearance and is also manifest in- 
directly by observing the geometric resistance of tumor 
blood vessels, which increases with tumor weight. The 
geometric resistance of- tumor-vessels is one to two 
orders of magmtude higher than normal vessels. Using 
positron emission tomography and inhaled as a ' 
tracer. Wilson and colleagues have recently made direct 
measurements of total blood flow in human breast 
tumors (79J. The "O is converted by . carbonic 
anhydrase in the lung to H^'^O, which distributes into 
arterial blood. They determined that the mean blood 
flow in normal breast tissue was 5.6 ml/dltein, com- 
pared to 29.8 ml/dlAnin in breast tumoriC th^ was n 
correlation between tumor size or prognosis and tumor 
blood flow in these paUents, The degree of tumor 
necrosis or vascularity not examined in this study. 

Tumor blood flow can be altered by a number f 
factors. Viscosity of blood in tumors has been measured 
and was found to be greater than normal vessels. Viscos- 
ity also varies directly with hematocrit and increases 
with decreasing blood pressure [80], The reason that 
intraluraoral blood viscosity is diflcrcnt than normal 
vessels is thought to stem from two causes. Extravasa- 
tion of plasma from leaky vessels (vide supra) causes a 
relative hemoconccntration. Also, red blood cells nor- 
mally stream in the center of blood vessels as long as the 
vessel diameter is greater than one red cell diameter. 
This creates a cell-free marginal layer at the vessel wall, 
which results in decreased blood viscosity. This is 
known as the Fahraeus-Undqvist effect This phen- 
omenon is decreased in tumors f78J secondary to 
inegular vessels. This ultimately results in n n4inear 
flow, increased turbulence, increased rouleaux forma- 
tion and elevated blood viscosity. Cytokines can also 
alter tumor blood flow. Thjs was documented by Klugc, 



- c( al. (81), who showed (hat tumor oecrosts factor or and 
lymphotoxin lower tumor blood flow and increase 
tumor vascular resistance. This resulted in a larger 
decrement in tumor energy consumption as measured 
by -^'P-nucIear magnetic resonance spectroscopy. 
Hydralazine and some anesthetic agents was shown by 
other investigators [82] to also decrease tumor blood 
flow in a mouse model. These investigators found no 
efTect of hydralazine on two human xenografts in nude 
mice. 

IV. Transport models in tumors 

There are scant data deflning the amount of a 
chemotherapy or immunotherapy drug that reaches* 
tumor nodules in (lumans. Most of (he extant informa- 
tion comes from models examining (he amount of a 
given monoclonal antibody localizing to tumors or 
cellular traflicking to human tumor nodules after adop- 
tive inununotherapy. In general, the monoclonal anti- 
bodies studied for therapy or (heir use in imaging 
human (umors after tn(ravenous administration will 
localize to (he tumor, but will be unevenly dis(ribu(ed 
(83-85]. Common dis(ribu(ion patterns include finding 
(he antibody in (he peri(umoral area or focally deposi(ed 
around in(ra(umoral blood vessels. The amount of anti- 
body measured in (he (umor is also much less (han 
pred.ic(ed by in vi(ro binding expcrimen(s. This is il- 
lus(ra(ed by a study by Shockley et al, who examined a 
melanoma xeno^aA model. They found (hat 
tnelanoma-spedfic antigen concentrations were 15-70 
times less (had (lia( suggested by a (luce compartment 
kinetic moSel, which translated uto markedly lower 
antibody concentrations in the tumor 72 b after injec- 
tion (86]. Another s(udy compared diph(heria (oxin and. 
an immunoconjugate of diph(heria (oxin and (he human 
(ransferrin receptor in a human xenograft tumor model 
(87]. Although the plasma?to-tissue transport constants 
were high in the tumors, the amount of immunotoxin 
that localized in vivo was 530 times less than predicted 
by in vitro binding afTmities, These findings suggest that 
lower expression of antigen binding sites and decreased 
accessibility of the antibody in vivo present significant 
barriers to antibody treatment. Similarly, adoptively 
transferred cells such as lymphokine-activated killer 
cells (LAK) arc not generally found in tumor sites (881. 
Tumor infiltrating lymphocytes (TIL), which are 
phenotypically diflererit from LAK are reported to 
reprodudbly reach their tumor targe(s (89J. The reasons 
f r (his remain (o be elucidated. Strategies to improve 
antibody localizati n by enhancing blood vessel 
leakiness are also being pursued. Interleukin-2 and 
monoclonal antibodies conjugated to interIeukin-2 have 
demons(ra(ed in animal models (90,91] (ha( increased 
conoen(ra(ions f monoclonal anybodies in (umors are 
a(Uinable by (his approach. 
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The dynamics of cell movement are likely to be mo 
cornplicated than the forces that govern monoclonal 
antibodies or chemotherapy drug movement since cells 
can expend energy to move along chemotacdc gnidica($ 
and have additional interacdons' with the vascula(urc 
mediated by adhesion molecules (92]. Nevertheless 
common forces such as diffusion, convection, tntemitiai 
pressure and binding site Aairiers afTort bo(h. There 
have been a number of rccenUy developed models (hat 
account for some of these variables, which will be 
discussed below. 

In the development of monoclonal antibodies, two of 
the central issues are the binding affinity of the antibody 
and the distribution of antigen within the tumor mass 
Fujimori and colleagues (93,94] developed a spherical 
tumor nodule model that looked at the distribution of 
antibodies with varying affinities and difTercnt tumor 
antigen concentrations. Their model also took in(o ac- 
count the effective interstitial diffusion coeffideat, 
capillary permeation, the initial concetitration of (he 
antibody in (he serum and (he valence of (he antibody. 
This modelling scheme showed (ha( as (he number of 
anUbody-antigen binding even(s increased, or (he afii- 
nity of the antibody increased, (he percolation of the 
antibody tiirough the tumpr.decreased. .This reduced the 
heterogeneity of antibody^distributiorana produced a 
binding site barrier. 

Sung et al, developed a plasma and tissue compart- 
mental model tiiat accounted for interstitial fluid flow 
and employed Uie Langrauir isotiierm to estimate 
antibody-antigen binding (95J. Using this apprxtadi. the 
modd predicted tiiat increasing antibody afliniiy at low 
doses of antibody would result in increased tumor up- 
take. When an(igen sa(uration was approached, binding 
affini(y had a smaller effect, Anotiier implication of this 
model was tiiat if tumor antigen density could be in- 
creased, antibody localization could also be increased. 
This point was illustrated by an animal model compar- 
ing two different melanomas with different antigen con- 
centrations grown subcutancously. The antibodies used 
had similar affinities for antigen in the tumors studied. 
The melanoma with the greater antigen density (SK- 
MEL-2) had grcaicr antibody uptake. Other researchers 
[96-98] have also concluded tiiat antigen density is of 
salient importance to antibody distribution in model 
systems that used antibodies to epidermal growth fac(or 
receptors, carcino-embryonic antigen and cell-surface 
ovarian carcinoma antigens. 

Another modelling approach incorporated interstitial 
pressure as a variable to explain heterogeneous antibody 
distribution in tumors. In the model developed by Jain 
and Baxter (43], IP opposed tiie tendency of fluid and 
macromolecules to leave tumor blood vessels. K also 
resulted in net convective forces that are directed radial- 
ly outward and are of a magnitude suffldent to- 
counteract tiic tendency f any molecule present in the 
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the substance f Ihe tumor. A number of assumptions 
were made, including that Ihe tumor was uniTonnly per- 
fused, IP was spatially dependent and that the 
macromolccules modelled were free to move in the 
tumor interstitium (i.e., no binding in the tumor). With 
these constraints, the model predicted that smaller 
molecules, such as Fab fragments reached higher con- 
centrations for a given radial posidon in the tumor than 
IgG after bolus injections. Continuous mfusion of the 
antibody resulted in higher intratumoral concentrations 
of both IgG and Fab. Furthermore, the distribution of 
IgG, F(ab)2 or Fab predicted by the model was 
heterogeneous. Thus, by . modelling a physiologic 
variable and not the binding characteristics of the 
therapeutic agent, it was concluded that tumors would 
have regions with different concentrations of 
macromolecule^ delivered intravenously. 

V. Coodttsloas 

The chaotic nature of tumor blood vessels and blood 
flow, the varied composition of the tumor interstitium 
and disturbed convection and difl'usion in the mtecstitial 
space of tumors all create significant potential physical 
barriers to the delivery of therapeutic agents to 
neoplastic cells in vivo. 

TTiis hostile microenvironment is not duplicated or 
predicted by any in vitro system and is only partially ac- 
counted for by extant computer modds. Similariy, 
animal models enq)loying very small tumor nodofcs that 
possess a nascent or absent vascular oetwoik do not 
mimic the physiology discussed here. If the aggregate 
physiologic bdbavior of tumor nodules is not taken into 
account, then any tbcnpy^ no matter how rationally 
designed or effective in vitro, is likdy to be dmunisbed 
in patients with lar]ge tumor burdens. 

Most of the physiologic data discussed here were 
developed in animal systems, whidi though mstnictive, ^ 
do not definitively address the complicated dyaamics of 
the interstitial space. The physiologic models and rela- 
tionships for convection and diffusion are also cnide ap- 
proximations of a changing and heterogeneous ixsmor 
microenvironment. A great deal more needs to be 
understood about tumor blood vessels and the in- 
terstitium of human tumors. Recent advances in imag- 
ing technologies such as NMR and PET snnnning may 
provide additional insists about how cancer therapies 
interact with their tumor targets in vivo. One of these 
modalities (NMR spectroscopy) has recently been used 
to estimate the amount of a chemotherapy agent (5- 
fluoroui:acil) in a number of liver metastases from colon 
carcinoma in humans [99]. The responses f the tumor 
correlated with the am unt f S-fluorouracfl trapped in 
the tumor* Although n ne of the physidogic variables 
discussed above was directly measured by this tech- 
ninitr. the ouestion asked bv this research is central to 



this discussion, namely, docs the treatment get to the 
tumoi7 

Knowledge about the physical barriers to drug 
delivery in tumors is a work !n progress. .Overwming 
these barriers may prove^ to be just as important as 
thwarting the molecular mechanisms of tumor resistance 
that have been elucidated in recent years. Studies of the 
tumor vasculature and ia^(er^*tium will answer at least 
one very important question in cancer therapeutics, 
namely, does the drug reach its target and stay there. It 
is only when this is understood that the full potential of 
chemotherapy, gene therapy and immunotherapy can be 
realized. 

Acknovrledgmeots ... 

The author is greatly appreciative of the thoughtful 
criticisms inade by Dr. Dan Longo and Dr. Walter 
Urba. Also,, the author would like to thank Sharon 
Lewis for her expert help in the preparation f the 
manuscript 

Biography 

Brendan />. QirU received an M.D. degree from the 
Georgetown University School of Medicine. He is cur- 
rently a Senior Staff Fellow at the National Cancer 
Institute and a Clinical Assistant Professor of Medicine 
at Georgetown University. 

Refit net 

This paper was reviewed by Cynthia Sung, Ph.D., Na- 
tional Institute of Health, BEIP/NCRP. Bethesda, MD 
20892. USA. 

Referasoes 



1 LoGso DU DcVha Jr VT, DufTcy PL ct «1. Superiority of 
pcoMAC£<yuBOM over proMACE-Kf OPP in the UcaOnent of 
tdviaoed diffuse asS'^cuive lyrophoou: results of a prospective 
rtadocnized (rial. J Qin Ooool 9:25-3S. 1991. 

2 Urba WJ, Loogo DL. Hodgkio*t disease, N Engl J Med 326: 
678-^88. 1992. 

3 Etnhora LH. Treatment of testicular caoocr a new and improved 
modcL J Clin Oncol 8:1777-1781. 1990. 

4 MofUm RF, Jeu JR. McOinois WL ct «J. Thoracic radiation 
therapy alooc compared with combined cbemoradiotherapy for 
locafly ttorcsocuble non-small cell lung cancer. Ann. Intern Med 
115.^1-686. 1991. 

5 Moss HB, Ckse LO. Riduuds F ct «L Interrupted venus con* 
tinoous chemotherapy in patients with metastatic breast cancer. 
N Engl J Med 325:1342-1348, 1991. 

6 Oittcs RF. Carcittoma of the Prosute. N Engl J Med 
324:236-245. 1991. 

7 Sahaon SE. Dalton WS, Otogan TM ct aL Mdtidrug^4C»^< 
oiydoma: labocmtory and cCnkal clfecu of vct»P«n3 «s « 
cfaenosensttizer. Blood 78:44-50. 1991. , 

8 l^elmOJ.mOroenlngeoa.ainkadRlevs^ 
moddatioo of S^uorauraea Ann Onmf 9-469-480. t99l> 



9 ZhtagZG.Hmtncl:/^RustumYM.Mecfaimsaisorre^ 
c naofopyrinudioet. Scmia Ooool 19:4-9, 1992. 

10 Hofya M, Mcand A. Koprowdcx H, Structure, fuactioo «a<f 
dioial ri gB ifi ci n o c oThuoua tunior utigens. i Nad Ctoocc last 
82:1883-1889. 1990. 

11 Daltoo WS. Grogta TM, Mdtzcr PS ct aL Drug rcsisunoc in 
multiple fflydoou aad aoa-H<xlgfcia*s lympboou: detectioa of P- 
gfycoprotoa aad poCcatial drcumveatioa fay addition of 
vcraptma to cbemotherapx. J Clin Oncol 7:415-424. 1989. 

12 Gottcsniin MM. Putan I. Otnical trials of agents that reverse 
multidrug-rcsiscaocc J din Oncol 7.^-411. 1989. 

13 Levin VA, Prados MD. Treatment of recurrent gliomas and 
mctasulic brun tumon with polydrug* protocol designed to com- 
bat nitrosourea resistance. J din Oncol 10:766-771, 1992. 

14 /ain RK. Delivery of novel cherapeutic agents in tumors: 
Physiological barrica and strategies, i Natl Cancer Inst 
81:570-576. »1989, 

15 GuUino PM, Oart SH. Ofintham FH. The interstitial fluid of 
solid tumonjGucer Res 24:780-797, 1964. 

16 Baxter, LT. Ain. RfC Transport of fluid and macromolecules in 
tumors I. Role of interstitial pressure and convection. Microvasc 
Res 37:77-104, 1989. 

17 Baxter LT, Jain RfC Transport of fluid of macromolecules in tu- 
moa U. Role of betcrogeoeoos perfusioo and lymphatics 
Miaovasc Res 40*^46-263, 1990. 

18 Baxter LT, lain RfC Transport of fluid and macromolecules in 
tumon IIL Role of binding and meubolism. Microvasc Res 
41:5-23. 1991. 

19 Baxter LT, lain RfC Transpon of fluid and macromolecules in 
tumors IV. A micrompic model of the perivascular distribution 
Microvasc Res 41:252-272, 1991. 

20 Jam. lUC Traaspoct of molocules m the intetstitium: a review 
Cancer Res 470039-3051. 1987. 

21 Chaxy. SR. Jak, RIC Diroct measorement of intetititial oonvec- 
tioQ and dilTusioa of albumin in Docmal and neoplastic tissues by 

flttore««icc photobleaching. Proc Natl Acad Sd 86:5385.53«9 
1989. 

22 Butler IP. OcaathafflFI{. QtiaiiioPM. Bulk tnuisfer d^ 

the imecrtitial compaftmeut of mammafy fnwyn- ^^f^^ Rm 
35:3084-3088. WS. 

23 CUwMA, jtfalUCIim«iiidli»o^)ortofi«|*h«idih^ 
aotibotfies in aonnil and oeopbsiie tissoet. Qmrr Rcf 
50-J487-34W. im 

24 Taylor AE. Onager OH. Eachufe of macrooiokcula across 
the oictodfcalaaoa. lo: Reaidn EM, Micbd OC, eds. Haixl- 
book of Phyiiology-Tlie Cardiovucular System. Section 2. 
Volume IV. MkrodicuUtiofi. Oupter 1 1. Americu Physiotoey 
Society. Bethesda. MD 1984; 467-520. 

25 Gabtion AA. Selective tumor localization and impcoved thera- 
peutic index of anthracydines cacaptuUted in lonc-dnwlatins li- 
posoma. Cancer Res 52:891-896, 1992. 

26 GulUno PM. Grantham FH. TTie influence of tlie host and the 
neopUstic oeU population on the collageo content of a tumor 
mass. Cancer Res 23:648-«S3. 1963. 

27 GulIinoPM.OfiathamFH. Clark SH. The collagen content of 
ttansplaated tumon. Cancer Res 22:1031-1037. 1962. 

28 GuUino PM. Orantham FH. Smith SH. The intentitial water 
space of tumon. Cancer Res 25:727-731. 196$. 

29 OX>)nner SW. Bate WF. AcoessibiUty of draiUting immuno- 
globulin G to the extravascular compartment of solid lat tumon 
Cancer Res 44:3719-3723. 1984. 

30 Sylvcflr B. Bois I. Protein cooieat and en^maie assays of in- 
terstitial fluid fromMme ootmal tissues and tfaasplaaied mouse 
lumorL Cancer Ra 20:831-836, I960. 

31 Choi HU. Meyer K, Swarm R.Mttoopolytaoclttride and pretein- 
polysaocharide of a tramplaataUe rat cboodiosaiooaa. Proc 
Nad Acad Sd 68*77-879. 1971. rroc 



37 

32 Ashby BS. pH studies in human maligiuat tun^ , 
312-315. 1966. "-"Bn«i iumo„. u,^ g. 

33 T^««^;teA;.LoepcrDB.M<^ylaaDJ,NeriingcrRC«if^ 
Uibubofl in human lumon. lot J Rmiiu <WBl7"if w 
1647-1652. 1985. ' I: 

34 VaupdP.SehlengerK.KnoopQHockd|^o«»en.««-^ 
human lomon: evaluauon of tissue oxygen distributi^^^ 
e«cen by computcrized o;>e«,ion tSSSS^^l?* 
5IJ3I6-3322. 1991. * "™"««««»- <Wr Res 

35 Vaupd P. KaUinowrici F. OkuaieflT P. Blood flow ox»«„ . a 
nutneni supply u>d mcubolic microeavifomnent rfZ^ 
mon: a review. Cancer Res 49:6449-6465. I9W 

36 G«y«on AC A concept of negative intentiaalp,«,u«h««4«» 
IJ««.esinimpl«,tcdpe,fora.edcapsules.a.cR«1IL^ 

37 Wng. H. Reed RK, Aukland, K. Measurement of inte«w i 
fluid pressure: comparison (Sf nirthorT^ 
14:139-151. 1986?^ ^ ^"^^ ^og 

m the normal and edematous skin of animals and nun te^ 
Med 84:473-494. 1946. •«> man. J Exp 

39 Hargens'HR. Mubarak SJ. Owen CA.Oaretto LP, AkesotWH. 

Intemhial pressure in muscte and compartment SStiafa 
man. MKrovasc Res 14:1-10. 1977. Tw-omcs ra 

<0 VoungJS.LttmsdenCE. Stalker AL. TV significance of the tis- 
sue pressure- of normal testicular and neoplastic (Brown*wcc 
cjranoma) tissue in the rabbit. J Path Bacterid 62313-333. 

•mutial hypertension m superficial metastatic melanomas la hu. 
mans. Cancer Res 51:6691-6694, 1991 

42 OjttMMlUxunigKFcyh/etaL Interstitial hypcrte^ 

and nock tumon in patients: correlation with tumor sire. 
Cancer Ret 52:1993-1995. 1992. 

f?^!?',^^^'»'*^S,BoclHbaunR. Bloomer WD. 
lam RK. lateratitial Iwwtensioa tocueinoB. of ,tt«i«<«S 

« patients: possaie correlation with temor oxygenation and f«. 
aattoa icspoas^ Cancer Res 51:6695-6698. 1991 

** JfiWC. Baxter LT.Mcchanians of fceceiflaeaeotidittribocioa 
rfmoooclonal aaaTwdies and other maowiolecute 
•WufiMooe of elevated intentitial presstire. Cancer Res 
48:7022-7032, 1988. .. 

<5 Lee I. Boucher B. Jain RK. Nicotinamide can lower tenor la- 

46 Letml«^M.OoettAE.DelIianM.2ette« 

KK, Messmer K. Interstitial fluid pcrssufe in solid tumon 
foUowing hyperthermia: possible correUtioo with therapeutic rr- 
«ponsc. Cancer Res 52:4«7-490, 1992. 

47 Endrich B. Hanunerscn F, Messmer ic HyperthermiaHnduocd 
changes m tumor microcirculauoo. Recent Resulu Cancer Res. 
107:44-59. 1988. 

48 Boucher Y. Baxter LT. Jain RK. Interstitial pressure gradientt in 
tusuc*tsoUted and subcutaneous tumon: imptications for thera- 
py. Cancer Res S0:4478-4484. 1990. 

49 Swabb EA. Wei J. GuUino PM. Dtflusion and oonmtxon la nor- 
mal and neoplastic tissues. Cancer Res 34:2814-2822, 1974. 

50 KcttoO. Katchalsky A. Thermodynamic analysis of the p 
«bihty of biological membranes to non-dcctrolytcs, Biodum 
Biophys Acu 27:229-245. 1958. 

51 Dvorak HF, Kagy JA, Dvorak JT. Dvorak AM. Identification 
and characteritatjon of the blood vessels of soGd tumon that arc 
leaky to drcuUting mtcromokcules. Am J Pathol l33.-95-!09. 
1988. 

52 Roberts WO, Hasan T, Role ncovasculatuie and vascular penne- 
abiUty on Che tumor retention of pbotodynamic a«nti. Cwocr 



3i 



S3 Brock TA. Ovoralc HF. Sealer DR. "nimor-cecreted vascuhr 
penneabiliiy factor increues cytosolic Oi*« tad voo Willebraiut 
factor reieajc ia bumaa aKfathdiaJ odb. Am J Paehol 
138:213-221. 1991. 

a KeckPJ.HMtuctSD.KriyiCSMsaoKWtaaiT.FederJ.Coti. 
ooBy DT. Vajcular pcnaeabtlhy factor, an codothdial odi miio- 
gea reUted to PDGF. Sdcoce 24<:I309-I3I2. 1989. 

55 P«e« W. Tcixdn M. lota^fietu M. Gross JF. Microdrcofatocy 
studies ia rat manmaiy carauooia. I. Tmispamit dumber 
method, devdopment of microvascuUlure and pressures ia 
tumor vessels. J Kail Cuwer Inst 65.'«31-«<2. 1980. 

56 Ovoralc HF. Nagy JA, Dvorak AM. Strvcture of solid lucnon 
aod their vascuUture: implications for therapy «ith monodonal 
antibodies. Caooer Cells 3:77-85. 1991. 

57 Blood CH. Zetter BR. Tumor ioteiactions with the vascuUture. 
1^*89*^8 I9M*"™^ tpetastasii. Biocfaim Biophys Acu 

58 Grant DS. Tashiro B. Segui-Real V. Yamada Y. Mania C. 
Kfemman H. Two diflerent lamioio dooiaias mediate the diCTer- 
catutioo of human endothelial cdls into capillaiyJike structures 
m vitro. Cefl 58.-933-943, 1989. 

59 L«s JR. Skalak TC; Sevick EM. Jam RK. Microvascatar ar- 
chitecture m a maonufy careinoma: branching patterns and 
vessd dimensions. Cancer Res 5I:2<5-273. 1991. 

« IJ<wbaft.BosdiA.Ptydro<)tay,A.PdlinA.Ul'trwtruaureof 
vascular neoplasms. A transmission and icaaniBg dcciron micro- 
icopical study based on 42 cases. Pathol Res Pnct 174f|/2) 
I-4I. 1981 ^ ' 

«1 Jain RK. Oetetminanu of tumor blood llow. a leview. Cancer 
Res 48^641-2658. 1988. 

^ S!?*^ i^**^ "w- Springer- 

Veriag. New York. NY 1983. -p™»«cr 

63 M*nddbrotBB.TTie fractal «eoinetfyof.Batuie.WJI.Fieen«n 
aod Cocapaay. New Yocfc. NY, 1983. 

«4 WadwB.BunierM.Nusibefjer J. BnmaerHR. Role of atrial 

natnuittic peptides and neuropeptide Y in Wood pressure regu- 
UtJon. Horm Res 34:I«|-|C5. 199a 

65 SchimkertH.In«dfmgerJR«ndnauVJ.EwIwn«coooepttof 
thy mtrarcnal icain^acioteiisin tyiiem fai health and disease- 
«»«iai«wtions of mokcolar biotofir. Kca«t plmiol biodiem 

, - 14:146-154. 1990. i-^jrw" owaiem 

« Vane'jR.ABOirfEE,Ik)aiiijRM.RegulttotyfBiietio«ofite 
vuctdareodothdiinn. NEngI J Mod 333.27-36. 1990 

67 WiIlia^BGH.Coa«rtln^eoIJf^aelIlh^b^lonlnlhetlettlaentof 
hypectosioa. New End J Med 319 (23):I517-I525. 1988. 

68 DeanCR.MaihaeT.DargieH;.R«idJl,OoltayCr.Eireclof 
proptaaolol oa plasma norepinephrine doriac sodium 
Bltrop^lsside^ndooed hypoteasioa. dia Pbaimacol Tlier* 
27:156-163. 1980. -""-wi iner 

69 K^»er HE. Stroma, generally a non-oeoplasticfinicture of the 
tumor. Cancer Growth Prog 3:1-8. 1989. 

70 Ingerber DE. Folkmaa J. Extncdlular matrix, endothelial cell 
shape moduUtion and control of angiogcncsis: potential targets 
for antitumor differeatiation therapy. Serono Symp Publ Raven 
Press 45:111-124. 1988. 

71 Thomas C. CounseU C. Wood P. Adams GE. Use of fluorine- 1 9 
nudcar magaetic cesonanoe spectroscopy and hydralaziae for 
measuriag dynamic changes in blood perfusion volume in tumon 
m mice. J Nad Cancer Inst 84:174-180, 1992. 

72 Warrw BA. The vascular morphology of tunion. In: Peterson 
HI. ed. Tumor Blood Orculatioo: Angiogenesis. Vascular Mor-' 
phology and Blood Flow of Experimental and Human Tumors 
CRC prea, Boca Raton. FL, 1979. 

73 Oothlin J. AnerioKcnous shunting in carcmomas evaluated by a 
dye dilution lechaique. Scand J Urol Nephrol 11:159. 1977. 



74 Vaupd P. Kluge M. Ambroz C. Laser dopofc, n 
(ubepidemaltuffloaandioooiuialsUnofnrrf la 
ultrasound hyperthermia. lot J Hyperthermia 4w1,'j*^ 

75 Maatyla M, Heik ncn J. MkilJ^^^^^^' «58«. 
human tumoa measured with ai^oa. krypton a^V^ *** *" 
Radiol 61 J79, 1988. ' " ^ **"««>• Br J 

76 Tmt E. Wdss I, Luodstam S. Hulibom R. p^„,. 

rf-«cter««aijd norepinephrine reactiWtyofhwtti,^^ 
ewoma. Ctaoer Res 41:^101-4713. 1987 ^ 
n Lyng H. Skrctting A. Rofstad EK. Blood flow in ri, ». 

mdaaoma xenograft fanes with diflerent growth ^^."^ 
Cuieer Res 52:584-592. 1992. <*«»ctcnstKS. 

78 Scvidc EM. Jain RK. Geometric resisttoce to bloarfn- • .. 
tumoa perfused ex vivo:dr«cts of lumo^ .rSti'^ 
sure. Cancer Re* 49:3506-3512, ijIST^ *^ P^""o» P«- 

79 W'^MCB.LammertsmaAA.MclCeniieCO.SikoraK.Jon^T 
Measuremenu of blood flow and exdunging SoTs™^^" 

b«« tumoa using positron emistion tomography: a riid^ 

^49tr3^5'^^9^ "^'^ 

81 »"««cM E|ger B.Ened T.SduderC&ega J. Vaupd P Acute 
dfcot Of tumor necrosis factor « or lymphotoxin on globS 

««»«»«ic suu« of subcu- 
uneons rodent tumoa. Oncer Res 52:2167-2173 1992. 

82 B«mn«JCM,CounseliaR.AdamsGEetaI.IavivoPnadear 
«««netK re«mnce spectroscopy of experimental murine tumoa 

84 8^tRHaiipedieyRB.Aatibodyiaigetedthe«pyiacaacer 
oompansoa of muriae and dinlcal studies. CaacwTi^Rev 
17^73-378. 1990. ^ 

^SJJ^'J^ «J«t«ib«tioa of t«mor.»ednc mo«Klo«d 
^o^^la^human mdaaoma xeaografts. Ckacer Re. 

** f!!!*^3 '^'^ Sung C«aL A quantitative aaahais of 
nw^pecrficmoooclonalanu^odyopiake by human meltiioiM 
««o««fte EOeets of tab-body hamnaologkal ptoperties ud 

«, ?^ "•«««P««*<>»<ew'»-Ctaoer Res S2dS7-366L 1992. 
87 S«agCYo«leRJ.DedrickRL:Phai«.cokinetlctaal*Sofim- 
muaotoxia uptake m solid tumon: rofe of plasma kinetics, capil- 

|«ypenDeabilityaadbiadiag.Ctaoer Res 50:73te-7392. 1990 
SlJ^r- «^«^ " 'W. Std, RO et al. Interieuk^2 «d 
Jrmphokmejactivaced kiUer cdl continuous infusion interieukin 
2 itgwiea. Cancer Res 50:7343-7350 1990 

" S^f ^ ^' « « «' In vivo distribution 

of adoptivdy transferred indium-lll-Ubded tumor infiltrating 
lymphoqrtes fnL) in patientt with metastatic melanoma. J Natl 
Cancer Inst 8:1709-1717, 1989. 

90 UBerthon, Khawli LA. AUuddin M el al. Enhanced tumor up- 
take of macromolecules induced by a novd vasoacUve 
ioicrieukin.2 hnmunocoiv'ugaie. Cancer Res 51:2694-2698, 
1991. 

91 Sdii^tt KR, Badger CC Oombi GW, Greenberg PD. Bernstein 
ID. Eflect of mtetkukin-2 n biodistribution of monodonal anti- 
body in tumor and normal tissues in mice bearing SL-2 
thymoma, i Nad Cancer Inst 84:109-1 13. 1992. 

92 Albdda SM, Daise M, Levine EM. Buck. CA. IdealTicau- n and 
charactenzauon of odl substratum adhesion recepton on cul- 
tured human cndodidial cdls. J Oin Invest 83:1992-2002. 1989. 

" FujmionlCCovdlDG. Fletcher JE.WdnstdBJN. A modeling 



Analysts of moaodoiul tntibody pcrcoUtioa through Curaon: A 
biading-uu barrier. J Nud Hcd 31:1191-1 f9S. 1990. 

94 Wcmstdo JN, van Osdol W. Early intervention in cancer using 
monoclonal anybodies and other biological ligands: microphar- 
nucology and the ^binding site barrier'. Cancer Res 
S2:2747s.275ls, 199Z 

95 Sung C. Shockley TR, Moaison PF, Dvorak HF, Vannush ML. 
Dcdrick RL. Predicted and observed cflccu of antibody alTinity 
and antigen density on monoclonal antibody upuke in solid tu- 
mon. Cancer Res 52J77-3W. 1992. 

96 Goldenberg A, Masui H, Divgi C, Damrath H. Pcntlow K, 
Mendelsohn J. Imaging of human tumor xenografts with an 
indtum-lll-labeled anti-epidennal growth factor receptor mono- 
clonal antibody. J Natl Cancer Inst 81:1616-1625. 1989. 



39 

97 Philben VJ, iakowatz JO. Bcatty BO et al. The eflbct of tumo 
CEA content and lumor size on tissue upuke of indium III- 
labelcd anti-CEA monoclonal anubody. Cancer 57-57I Oic' 
1986. ' 

98 BocnnanO, Massugcr U Makkiak K, Thomas Q Koiemans P 
Pods L. Comparative in vitro . binding characteristics and*^ 
biodistribuU'ott in tumor-bearing athymic mice of anti-ovarian 
carcinoma monodonal anubodies. Anticancer Rr< 
10:1289-1296. 1990. 

99 Prcsant CA. Wolf W. Albrifehi MJ et al. Human tumor 
Huorourutl trapping: clinical correlations of in vivo '*F nudcar 
magnetic resonance spectroscopy pharmacokinetics J din On 
col 8:1868-1873. 1990. 



\ 



1 - . ^■^.lJtft*S^.'\*WFjtSr.r ««^ 



